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ABSTRACT 


Computer simulation is a cooperative venture between researcher and 
information processor, but the processor's role customarily begins too 
late. The researcher can benefit substantially by bringing the computer 
up into the earlier, creative phases of the simulation process. An on- 
line computer system that makes this possible is described. 
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Introduction 


I shall’ begit’ by drawing some: boundari ds. around myieubject, - Simulation, cis. 
broadly interpreted, 1s model: building.’ Model 4 tding,: gunerously viewed, La... 
theorl#ing. ‘Ard thedrisitig,' ‘In ite respdctabte compeavion, ts av the heart: of:15: 
all scfence. Thut, the’ sibyfect of Seulation must Ve windumedtibed): - 9: faaqaa To 

It helps to precede the word simlatiod by “computed; Av the present) time, 
this modtfter restritts the domati of ‘reference wppresiud yt, since it implies, 
that the vheoryts' fornkdd ‘to be @xaiained Or tented Dy wacleiudy : The modifier may -. 
not coréthuvve ‘to te -so Mest tictive iv the fueure, -howeves,! ae the computer's potenr 
tial becomes better utilized. You might sey chat:tlte ts une-of the goals of: 2.0 
MeL.TS'# Profect mac t tb avisstee such Gf the work undewday: Hs devoted to making 
the computer ‘wore ‘¢énerally useful tothe researcher. 252 6. 0's ai civenveses 

Kesearchers itt ‘severe? fields; prindipably td behavtdra? ‘sciences, are> 52 do 
beginvtng -to find thet compudér prograns wake god. mdééls offithe ipienomens ‘they: io 
study, The langwage of ‘the ‘couputer is mach wore vevest the than ‘the language ‘of > 
mathématios for miny purposes. 2 Thd stuplicactedsect # computer mde], can be infer- 
red idivectly, sinply by execuviig the modekson othe machine .far which it iwas::: ¢2l« 
progvammed, No -gyeat:dgount of methimaticel Syendse isitequizeds. 2000. Lugs. 

-A-cOugst oF wodel) furthermare; can exiibit behavior weniniscent of intisl <9‘ 
ligent human ‘ec tivity; in mainer and detell as ‘welt se sti ‘corseqiience..' That1si; |: 
‘$nformation précéssed programmed-on a conputer scan operate ‘picwaye: wtih seems ed 
analogous to the thought patterns evidenced by human subjects on their ‘Protocods, © 
These ‘fact s ‘ave starting: to ‘open gew ‘doore bu peyditelogical research © 521s" 

Net -al! computer ositmslatiqns cépecoonc dived for the -gurpase of thenretical:: ©: 
Besearch. ‘One of ‘eugvactivities at Project :MeG hag heen 2the aimalation of ou 6c! 


time-shared, multi-user computer operation. The point of this similation ia to |. 
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gain understanding of the: operation and. find. a, ragionale fer, allocating time . 
grants: to ueers efficientjy... Monitoring,fhe aperatien, das, helped. serve. the. ....,.., 
samei end, but. simulation permite a. mpxe. varied, contrelled,. and complete range... 
of experience than: done. observation, Analytical methods, havg;also. shed some... 
light, but permit. one, ta ‘ge anly 0 fare, 2. ewe afd ahanet, . Tapia a4 

A similar example ia simulation of..@ job shop go,iguide scheduling decisions. 
In ‘these kinds of: studies, nalysia, observation.and simlagion ideally go hands, ., . 
inehand, Inthe future they may, even be blended in with the operation itself, ...; 
but such thoughts take-us -head of the @torye i: = fesioise uel 8 came: 

or ‘our purposes, simulation ie a way of using stiaeediiputer..to pyoduce ao sy 
reasonable likeness of the behavior of 9 ayates uRdes 8 tidy. Phe Likeness,.49,. .. 
obtained frome scal ¢d-dawa abs traction af the real aystem,.often in .the form 
of a dynamic: model. ‘The model .is drased-en -the pia Legon -concept.af what the i osc 
key elements of the systdm sre; and-eaf how they .qperate sand interact... 
~s. In forming his: madel, the simlator.genevably steives-fer maximum parsimeny . 
with minimum distortion, But. conciseness is nec after easy £0 attain, .and.most .... 
computer models are: unayoidahly -leagwvinded. ..Bais:hae prompted Herbert Simen.to . ... 
label ithem "garrulous’',.din contrast -to the really paneiwastoug models of .Newto- 
nian mechanics.:. The intricate models of organic chenieskry iare alec -garrulous.. .;- 
by Simon's distinction. 14] . re classifieation is met meant te be derogatory-+ just 
a fice: of kife. 2 6 2 epee sims “BYSEAVS enitedisy idgewds 842 Of vie jai na 

Perhaps the bast..way. to define the genetal-goel ef -theceimulater is maximum. . 
fidelity,: especially ain certain -critieab dimensions; with: aininum:compléxitys 
How well this: objective ite met in practice is‘one ef :the :itemsa which ssiall ‘concern 


us. 22° “o '- Lae i re nee OO? Pht Sae Te suas toe 


oe. 


 Wefore getting staztéd ‘on’ thé” hethoddtogicat divddedicA;'t Ada BEEtEY present 
some credentiats. “Wy Union chid ‘18 dda 1btLOA Tg BOs wadk'S Heard to? d8stddy"aF 
the ‘consumer sector St ERG Kbeziddh' dcondey Stthleady*decaues|?). py: udsonocatd’ 
in compudare “goes Bad 18° ySabé to’ an Appbedteeinip ea CAN MAHI Ta Meridia! 
Ihave been employed ¢aguletiy if thesd Hdetah! dGbiig"Stl 32! the? 2HédevantAg*time 
(atthought 1 admit 25 Habiag’ aad cada’ abel Pbatd SE Gnish: dass? °Phts “éipePtansa 
does not qualify me as & mbsbGe GhPEdaaaS DAE LE Woes “MhbaH thie”?! nave Rad Weridugh 
hard inddke to °JSe8Ta aj Thboodndé’ add? yaP8Np TMektida' W122? Y°HéLElveed speak 
“as ond ‘whose hopes fr’ compote’ emianlatiass PASAT Bek Eke pars” 
Spogen gad ay giggle nem eff tug qnillotiaes bus ge ituciateib .gnioubcig 103 
| ‘while’ the tone to stZit? personal, f° wedld 188 Us’ ghee dn tt las erde ton whitch 
, will help me az ae dna of tee ebtRoMtagi2kt PAtnEs? “Tre “Aad WOaG wi oh adds | 
~ collection; Ad (2° ak axdeg la With-aeten P Feet ee btdetacly “at Homes’ F think many 
bf $66 ah} ahaa tnd! Pebling?- 222 29° 19% Dae soseng2ztam .racoy aa to dose ni 
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Heating a House: A Case ‘Study in ‘Data Collection 


.29ideliavy jegyes ant uniteptbe uct enign » 


re¢-and-on ~ha fo ears o wife and rchased a ver large old, 
Snisbenee t ahs MS ae , bio Saaaioe eld3 Vie! aie oT 
The last characteristic 


three-sto 16-room - uningu 
VERE aoe aa 6; om, -hill-top, | ning at jaum aw brie 


e 
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was not mentioned in the real estate advertisement t was clear to us fro 
andy eee ntS o38 cf Si word ow 30088 gisbeet te vbobtee ak sbul MIL OF aie 


the start that heating th house would be 8 ma or expens he heating plant 
oes ren pfte Bes sts on eS ¢. iaegq on? auor addy es ey SL OBY be 36or 
consists of two gas furngces , sone | blowing hot air to nineteen registers, and the 
acre F (d629a¢ SUCH BOXS Mh ef Sty giagmad toobd ua 
other eheculacing hot water to ten radiate a Bach furnace is Sontrolled by its 
eae ho ,wotiameede 26g yliab ydto? ara aysiqeib i stug 
own clock-ther stat. 
pegueges a¢ Bivew 4&4 yal ge hoon isevreo as ve orutsyagmes yocuTsve sam sc3 
soweh gi SSRIS vogesavil abmegsb coltqnuccc2 26,5 97 


*as a “matter ‘of information, I ‘believe that Boston gas rates are among the 


highest in the world, In 196kJ:30R.on& @hundaed nubic dae, of ane Cont: $fPadd; 
in Boston, $47.67 in New York City, and $21. 23 in Pittsburgh. 


So gt Aen 
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_ During our firge; ;winter, in, Fhe house, . Pargly.. AB SEGET SC Ci yert my Sh tention 


from. the,growing,gag bills, aog.paxthy in, the hope of fi nay weye:t oo Pein ase 


the. cost, burden, | Lf. - began. to, ¢gliget daily fig ures on gag a sablage neh uae result 
of, This undergabiog Wee Forky GBM OF. GRES+ TRE OBER MEP Megs cotter S So: 
anVarjance, fluctuating froma dadly. bleh 9f.28 ect fo, ¢detly ley of 17 gets. A, 
apxead.chis.wide giyeg.the optdmigy, some hope, of finding measures to keep cop”. 
45:84 5 LON 28. ,low,es possible without sacrificing comfort, ae soe ge 
nore Meh. Ueivhey the magter.op.ap gager, sgugent of simlation, set. Moa p ve, ‘a 


have. bege.i8 ¢.complicered aysten;rhe house together with the assorted apparatus 
for producing, distributing and Sonerest ing heat, — manipulable Or ,ingtrument 


« MabANbhen iuchyde storm, whedoye, pbsseoetate, 8 aeveniats aakstor valygs, air 
‘ _, TOBAAERTR, and.dagpers. These, ore aise ning. fireplaces, but suguee, for, siaplic- 

vray Hat they, aq alk closed off ,...the fammet uggishles are the femperatures, 
in each of the rooms, maintenance and service costs, pd. the monthly gee bills, 


Altering the number, location, or setting of any of the instrument variables is 
nestgeiiod sjed si yousd a6 A seve s galgpol 


2 cms Soanantnae Pe othe ata NS: nerontonmat 


a means for ae ueete the rarest variables. 


bio , suv & pve som > ber “Sn 


To simlate this system, de must deciaa’ ‘which ‘wartaties deserve ‘inefasion, 


492387803 


and | we must decermine rela¢ionshige Cerda PPAR eng add abn ae AG opsieds Sati: 


able to Pinas ‘is outdoor éémperature: s : ince we kenow 12 da sbekTe° eee 


heat loss tradidted from the house.” In ‘the Meee eae of e tnd model - belia 


no be B¢970i 99% O2Ssianin oF wik tol aniwold gng .agugayut 26g ues 
outdoor | temperature is an exogenous variable of ‘decided faportince. 

agi vid belfo ris Scania? dosg axsouatbey «$3 02 yesew dor gait 

Figure 1 Uigolaye the forty daily gas consumptions, each 6ne ‘plotted acainat 


$62auniadg~Sool. swe 
the mean outdoor temperature on the corresponding day. As would be expected, 


the gas consumption depends inversely on mean temperature, The lower the 
SO3 S2armh ate 29783 -82 Hojze® ted aveilod I .poisamraial 36 .ssgse 5 @4 


tempera tute, — snare end donvekery | AY ofsow 63 ui 3 


Meade 


ee dyit Cash GR .v ITO aye¥Y we ol TA.Vke [euses 


ri 
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On first try we might fit a straight regression line to the points of 
Figure 1, as shown, This line provides an initial relationship for the model. 

By the way, it actually is not a bad fit as regreseion lines go. It yields a 
numerical correlation coefficient of just a shade under .9. But with 4 re infor- 
mation, we can do better. ee 

My wife and I both go to work on weekdays, and during that first winter we 
did not have children at home to keep warm. I, therefore, had the habit of 
turning the settings of the two thermostats down 10° when we left in the morning. 
The settings automatically reverted to norral for our return in the evenitd. 

Let us call this policy A. On the weekends, when we were at home, and on Wednes- 
days, when a lady came to clean, I kept the thermostats at ma “same eqetiags 
throughout the day. Let us call this policy B. In wots policies a lpvered the 
settings overnight. F cad : 

If we now separate the points of Figure 1 into-those asgociated with policy A 
(Figure 2) and those associated with policy B (Figure 3), and neglect ithe remain- ; 
ing points, we obtain, aurpris{ngly close fits to each of two smooth eee. In 
Figure 2, only the three heliow points are substantially off the curvd, All three 
of these points lie sbove the curve, and al] three of them sakccepand tes Tdesdays. 

The points of Figure 3 show a little more variation. The three hollow 
pointe fatling veneuttr the ‘curve att ‘CuEreepoes-to-Weteminyy;—ant-tws of these 


Op S Cag 


three Wednesdays happen to be the day after ‘two of the three Tuesdays cited above. 


Stage che latter kaye }aREAS.conMuRRELaRE Cyan..chets, —— ee 


YHSasr G3 eat 


the former have smdller‘consumptions, > ay guese is that Sd made, ‘sneanrect meter 


readings on the corresponding two Tuesday nights. 
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Figure 1: Daily gas consumption 40 days during December 1961 and January 1962 


(Gas consumption measured in 100 cubic feet, temperature in degrees 
Fahrenheit), 
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If we superimpose the curves of Figures 2 and 3 oa each other, as in Figure 4, 
we notice that they have opposite concavities, they bend toward each other at the 
ends (20° and 45°), and they depart from each other at the middle. (30° to 35°). 
This is not the appropriate place to speculate on the physical reasons for this 
behavior, but we can note the economic implications, as given in rigare 5," The 
greatest potential saving obtained from using policy A ratherSthen policy B 
occurs in the middle range of temperature, and this saving ecreases skeadily 
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as either of the extreme temperature ranges is approached. At temperatures below 


Z i 
15° and above 50° » we might conclude that both policigs cost about the same. 
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Figure 2: 
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20° 25° 30° 35° 40° 


Days from Figure 1 on which policy A was used, 


45° 
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20° 25° 30° 35° 40° 45° 


Figure 3: Days from Figure 1 on which policy B was used. 
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Figure 4: Superposition of Figures 2 and 3. 
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20 25° 30° 35° 40° 45 


Figure 5: Absolute difference between consumptions resulting from policies A and B. 
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Some Methodological Issues 


The finding of a concavities was interesting from an academic pati 


of view, and it even turned out to have sombpractical utility. Wichdue over- 
doing its importance, and without stretching th oe with a simlation study 
too far, I believe. ‘we can extract a few simple Lesigons from the exempts. 

In the firgt place, a careful analysis of avaiigble data can assist us in 
choosing variables and relationships for a dimiacion ‘wodel that we ave building. 
The analysis; not only serves for guidance, but also helpe keep us honest. If we 
had gone of to simulate the heating system in detail, we wuld not have zested 
suntil eg Sodel exhibited the property of opposite concavities. Goaveraciy; 


if the results of the simulation showed certain other peculidyities, a would 


-dook fg corresponding features in the data, and we would alter our model if 


‘ 
‘ 


“they were not to be found, - A 


/ This is an obvious point, and most simulators accept it implicitly. What 


i 


it means is that the simulator benefits from frequent and easy travel between 
model and data throughout model development. But this is easier said chan 
accomplished. Too often data analysis and model development occur in separate, 
prolonged efforts, one after the other. Only when the model is complete, if then, 


does the simulator have the interest or resources to return to the date for 


< verification, ...By -then = eres too.late.. The final. -complpxity. of. the model may 


a 
dng ok 


make serious validation inptactical. 


rai bib anutoad Voi4 


ae Meet ne 


The point is worth pursuing a bit further. gimlations are pire called 
SAR Ree Maes gb Rad BMG g Rep OWS 
dynamic, and what this usually means is that time is one of the variables of 
the model. We might consider a second use of dynamic to describe the formation 


of the model, rather than its execution, The second kind of dynamic simulation 


= 1§ > 


is constructed ovér a peridd Of time in an ircremerieal wayy:with new ‘increments 


partial mdél with the data. ‘This apprdach can¢preduce "a dontinuces ‘streamiof | .. 
fresh insfghts and ‘can take fill advdttage of ‘new date tae “RE-Maccmes availables-a. 
meaningful feature, sepectally in°a Pdrecasting ‘type Gf medals 
fhe incremental ‘approach factlitates: chéckiig ‘the°aede?;: as:we have noted, 

and it allows the siimlator to build his°undetstanding"ofo@he. model in-compre- > 
hensible segments," is he builds’ the mal 1éset¥s *2t° guards against unnecessary | 
arbitrariness, and pinpothts deficiencies: both ih thé model and’tn- the data. | 
The awdreness Sf {nformation deficiencies, modified by: a: knowledge of which parts: 
Of the model aré mat critical or sensitive, can® provide! valuable guidaaceito. <— 
data collection’ efforte, SR ERRRE Be See Genie METS ORR EEA Bis Sra BO Ot 

"The picture’ that! suggests iteelf is a research leep composed.of ‘several: : 
phasts: data collection, data analysis:,* motel Zotatlation;” progyanmning ) testing; : 
adjusting » and running. The phases are not placed settaily- iv time, one starting 
after the preceding one has’ been: comleted,- but ate rather continuously traversed 
in a gradual convergence’td the Final simlation. ‘Aetubliys: a "Final simulation’, 
need no longer be: the primary motive since ressdrth dividends now are being paid: a 
all along the way. USB Da TA ae nk toma ata eo a eae 

Ideatly, the’ #imistion i# néver more complicated: than necessary for the 

ends it is to'serve, Skcessive complexity is net’ the sagbeer that it cen be when: 
the model is designed’ in one’ continuous, ‘deteriinad, somewhat unquedtioniig effort. 
Overfitting ‘to the dat@ is still a possible prtfall, bet’ the danger: signs are now. 


more readily distinguished, == = °'- Co GE De) Gaostirdy te peo tattle | 
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» <The temptations towexd overcomplexity in «.qqmpucer aimiation are very real | 
and sver y understandab hess: They eben. from, she vergegihity af.ohe gamucer's Language 
which 1 regerred.te easbier.- £6,48.90 simple ho berlitenal ghqut the way things 
happenin the weal .syssemawhen,wodehing Che sARetemson=2.gggPHtar,...SSaqhagtic 
effects are easy to copys nonlingarifies offer Ponpagticylan grok lem, interaction 
is nob :e-chaldeoge,.andobahavaer,09.be.postreyed ok ADK gNE! Of. .dgcedl, hawever 
fine.-.§uperficiablg, skbeiendy sansa. te, exencheg, any, Teghreans, at 911 is to keep. 
the: foxmusation.wikksn.che,.gpace and. tine capabsastios pf ghe,pachines or cienan 

On. a, moxe; thoughsfes.ahane, df d9.clear. bet. sompenisy. vhigh,cappot be... 
uareveled obstsusses waderssapding and.valigesions 5 ghig. g.aizeagysa problem in, 
the applicasion, of: sdmlation te, sgdenti sic: repeerchy, apdiwi1}hecome @, pxoblem jn 
y@ practical context, as well, when the results of simlatiops, begin to, be, yeed sami 
| routinely: to: svpppssobuainess, military ,.and iegaelative, dog isieps.,, Hoy, do,.you 
mediate. between, two. confldctd na, S6F5) fad eSML ES BRON, YOM are, nape, tp, anatompze. 
the: models. that. produced; them?. bo.ui¢ tor ais eesadg ad .eatanes fo: Lgudteut bs 
Taig: brings..us to. aagther puns in lopacigorcdine: creamed gece fF oss ts 
podots Behavioral simiptions, should: be conducted by, saiagdeis ooniscrabies. 1 snd 
Of Courses. And. yet, we See PrpETsmmers, mathematiciang,..end, engingers, performing. - 
much more than a service function in behavioral simlations. (yaw sce geois ats 

dgain. the: seasons are: clear: Getting sdmatiqn Pyle, and, punning, in the 
ceayentional way xequises, analytical] and programming, talente which, ane top i cen 
, sperialized. and technical. fox many. pabayioral sci antsaha, 1 XGhy, only, the behay-,.- 
iosals scientist. bas. the fires hand: knowledge. of the data, and, the, intimate: . 5:3. 
familiarity with the phenomena vital to a successful simation,: ; Spbtieties. in... 
the data can make the difference between victory and defeat, depending upon 


whether they are recognized or overlooked. 
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What is vSrOryt anee cisarly caperes on one's set et wahuers I am think- 


tng ‘of the valias. OE the behavioral ‘scientist, Malek are » chiefly keyed ‘to deepak 


tu apdad af megeye taeioqmos agiel 2 sg rotw , QAM 
understanding OE the ‘phenomena being studied, Programmers and mathematicians 
2 eeeees oa ae a ty 8 tq. SIuooY ably wave catediago.h afectory 
have a different set of values. mhey ree cule relish questions of 
: sand i LS CBW BEY FAG io ssoyk ag 
et cuckive: aryle, and technique, ana they « celebrate wien ‘the simlation Firat 
sb eee eotipainumme: Lnrunrigee 2 wi fy 


zune of course, ‘behavioral scientists ‘are not immune from some excitement. ‘at 


nbd eager ton giw p@leisGiS8 NOMS wok sen: Pes 
such “moments, tou: but ordinarily their ‘work is then just beginning. 
; “tie Ing coasts vt Sas fered & SYR Sistuqmes, €e9eu.- fb 
ay. "the way, ‘who alse, including the most clever statistician or cryptog- 
e Or, n@ do fssnecteveb sda ar tue oti. pet tape 
rapher, ‘coula ‘have, resolved ths ‘dace of Figure 1 into Figures 2 and 3? I 
#2 rie uatgorg aid ylibom oc yenorgee9a oi asidnos 
simply happened to be the only one » who knew the data well enough to recognize 
sidwm oak Som gin 25 aobsnwiisnos bas sieb atid to youre naswted vidixe:: 
that the et eclims taitees of collection were dichotomous. It is true that I could 
BG ParLLL” Fa oo af] @& £98640. BMiameig01g gh Didud ol mig 
have imparted ‘this knowledge to a a heating consultant, but I may not have been 
bie YOGA situs sc? egied xstugqmos sdT  . svoig ms! IPQsAg ata te 
thinking on ‘that. level if I were not conducting the study, myself. Also a heat- 
sit dtyot fra doad apvom tedotseess gna one .ytiupes do 


ing consul cant “could mot 4 be expected to be as ‘cost -minded in making experiments 
feocinve leutarg bas maldory ef Vo crayiens nek 
as I was, since Ne. would not be as personally identified with the problem. 


Se foe ob of RAO cee ant Yd goastow asad ged DAM SJostosd “Ss guore vn 


ar +/This.ig.ald well. and. good, end ways even serys- feoconmyines a) few. of thee ics 
=ppople, who: need. copying ing, that, the presess way: of ssimslating. leaves, something: 


_to be. desixed,...Rut.vaera.do we.go: fsembexel. Where. doivezlookofor improvements? 


These questions have been, en. my; mand | for. 8: eumbers0£ yeatas: Eb :seemvtors¢ 
me thet, anyoge who .has ;hees deephy. savalund in asbaggeenoahs 1s imu lation study 
myat -have had -imilar.cqncerns.at:some.pgeiste whet imonected is & -newskind idfiss 
relationship between the researcher and his iqosputesr : 2 -xelationahip icharacs ©: 
terized by..a high degree of accessibility, clase coupling inant fast, interaction; 
a relationship that treats the computer aa moxe than i workhorse: fox ‘running «. - 
simulations; a relationship that brings the computer up into the earlier, more 


creative phases of the research process. 


at LB. = 


ote Bhag of relationship : starts to Rhea nes . plausible at places aike Project 
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mc, where a “large COMDUESE. system is 5 being utilized ‘simultaneously by many | users 


mydiou.e aa brac aciopmanescie 3 $8 SE 


at terminals distributed over wide geographical Breas. eecunciy ast information 


» Be ees ; sd ad 2Btos te 338 moe By! 
to slit from the computer is via conventional telephone wanes zach user is abe 
to ‘ie in continual communication with his program and his dca without suffering 

da aa ie aoe ye (Bivaevoeded , a 
the high cost “and tension associated ween monopolizing an expensive machine, (19) 


ee) 


_Multi- access See eee are a first, and very important Bohai The second 


sah ea Ait Pieaag eT ie 


tater equirenent i. the _ development of an . on-line programing ayetce that 


3 2OT3 fn goS - eAtae od AY svaiiooi nei: 


_ enables the researcher to > modify his ereeree as, he ee furs and switch 


OMT ES f aadcirt oe ae 
‘flexibly t between study of his data ani construction of his meel. “This allows 
him to ) build uP p programing packages as he nage se and as a em 
pt his scabies , grows, The computer helps “to pede him along alternate paths. : 

of ees eres bag #2 Paes tiie | * igual 26 "3 “s LEAS. Ae 

of f inquiry, and the researcher moves ‘back and forth empeehey between machine- 
ae ee lini see 2 adel 8 Ena po AG SLahigoe eS : wast 


aided analysis of his problen and ‘gradual synthesis of a solution. 


2 ee 1 
PAha eh SY Bt la ESS 


My group at Project MAG hus been ictking for the past year to develop an 
on-line system with these features. We catttt the-Ops “system, “ahd” its currant 
implementation is. labeled. OP$-2.: Because of the genetality- and simplicity: of the 
OPS: concept, the: system has: actually been: applied’ to: a wide Variery’or attivities 

‘besides simulation research, Our expetience in thé stmilatYondrea up to now has 
been. very:.encouraging, but ts“still only preliminary; © «°° ©. (688 oe. 

In describing the-OPS ‘system, I shall: répeat’a féw°of “the points mentioned’ 
earlier, not so mich for emphasis, but ‘simply ‘te’ make* the -deseription rélativety 
self-contained. . Fie description will *have to ‘be breéf: “As With~any ‘progranbiing 
system, real understanding can-only be obtained through ue p2and we hope to “have 
a self-teaching matual available for that purpése in the Wear future. 


Paik 


id 


OPS-2 Se 2 Bo ov see ta det were Sty Sy sgariz ASNBE Lace ds 1 ae OY 
gps-2 is a riew reseatch toot with Wicd “scépe add’ féateitity, “18 Tikne*™ 
the user with the "edaputer a ater —— és mituak #heér-* 


raende oda aea.cod anii acibovin craes SB vexed 


se) 


action Bott simple ‘and powetful’ 


“0 Qp§s2 “te ‘dn “on-1ine syéOem, tt id based “Upou‘our newly “acquired ‘ability ~ 


ag pegiauoyd 
to make large computers personally accessible to a community of | ‘tany ‘ati doe 


os Hh dy ee : as, Feo * a ae 4 a why rae 
§ She FOL nn FEL] cet tipes Pe ED OO OSS? we RRS ivy Sik 


users. 


Thee iw a two-patt premise tapticle ih cle HdeZodaté of the cn-Line systen. 


GREG 4 


First, ‘the computér oftaii Vay dnd “should ‘dake ‘dX itfortant “part in ‘nati sd Crea 
tive process durttig thé Goninon Wte ‘said ate eee ale model. 


ay, 


Bato asd gs faey aa nord 


process to guide the execution and fulfillsient of his 4 esigns. 
“3 ‘CYeatly, thts piesa {ett equally ‘vatta br “Svdey hiiman creative p: process. 


36 JO} bri Sook oad G3 Saocrin 


Bue it dew Hotd ‘for x siicpivistitgty Wide Claws’! processes Fo 


ty ais 


Ont’ {iltistration te the development of a Computer Gailation, tn the early 
stages, when the Yesdatcher te deciding: upon the ‘form and content of his ‘moder 
the computer can assivt ih data’ ‘eiiye te end Gnd’ statistical tebressions. tt tas pe 
can Hélp dedide adbng alternate forsilations OF subpirti OF the mael by 

deducing their implications vie-k- vis-a-vib thebeat-tiFe data; y aultably crhue foried” 


“ree I9e & $2 t7S¢q ad AnD getesgleentea be& ner 


when ‘required, beaeeenas y 


Sc ea con 


oe! thee tbiguters13' At the’ rabaaichab"S°SA41 etrect® like his ianuals, 
journals; notiébdok, aiid: télephote!? rf EKa téebarcha? wonders” whether” “fost 


Crs jam & 


sea imbe. 


(the togarithm df” time) isa’ thre’ tevealing ‘VbEdb1e" ‘than | t, , “an ‘answer may be 


seigafomis eead Blueste .icnariq bas 


forthcoming from the computer @ithtfi aildess? 
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The simulation model takes shape right from the start of the process. As: 
more and more parts are added, the researcher runs them in.combination, aswell 
ae singly, and his underatanding of che Bugging maent ahag grows: Faeee As no, 
longer a sharp dividing line between the phases of data anglysis 2, 49TmULAt ton », ., . 
programming , running , -and validation, ALL begin together and continue . intertwined 


Bigw st 


throughout the process.  .. .. 
BUBS MAY 2 bare TB a pio) Seated StS Bf aes 


béeeedn vil@mauvec @eYsdudgmo. @yifi Shia 


In the later stages of the similation, when the dominant activity is making. 


stun yi, there are wrcasional | keturns, to data Analysts, formation 4, xeformulation, 


es 


programming, reprogramming, and yalidgtion, the programming is far easter ta, 4 
and fhe xreararcher. finds it , 


,fonventent to do most of it himself, . Programming ta no jonser atrict hy, detached 


from the rest of the creative Process. 


_jagcomelish than programming hag heen traditionally, ; 


) Bre molfuegex$ S93 820.5 G9 SREoGae 
4 see Se. Ramp ation. He. may even 
choose to include himself (or others). as dive Clements of, the simulation in order 


cone researcher maintains his .active , zp het 


aasts a 


to, feed Ht with semi-realistic behavior, , This. dati ter, Sevice | hag. been pragticed 


» bags ae 


for, many years, but. seldom has it. fitted into a system ee naturally aa it dogs. 
with multi- ~terminal, ,perspnally. accessible. , Somputer, sys CEMA... Pea ey 
Data analysis 2 like Programming and ind, other, forme. of. problem solving, canbe. 
a creative process in ite. ow righty, aide ox ontige,pf, she, eamtexk of aimlgr 
tion. And simlation can be part of a larger process. A man-machine system ,...... 
for scheduling 2 Job, shop, .s, Fealrtine, ppererfon. Spr. conbrodlipe, she.teatkte of 
a metropolis, | an automated secur: ity, er SogmOPLCY, SRCHARSE >i, apd &,compyter-. .. 
administered credit center on the regiona] level, aye, all processes, which, can,. ; 


and probably should have sim lation elements as, basic. components. sarsie 


219): 
gat @ iegy Ose 34u0GT > 2, Wary PY 
The ops eyeten provides « a ‘baste for building up such processes. It is 
: sit [a -B2 9H .etudarage bisbas is fe shew vs 
operd-ended and modular fa a vary fucdansatal sense. The user can add his own 
7 ar OL LY ES Btaebiste ¢4 298 oda cg gheal guctidaw me: 
parts over a ‘pertod of days or monchs as he increases his understanding of his 
EB Ye. ee ae ZTE ge! iduordcd famoigeaut ats ctuders: a) 
problem. 
Liat oar SoU Yy ap ASUR ,daagh 3 GSo Pas woo 
The ops system ts relatively free of rules and formats. The user creates 
Be ett Lilw Sede luc eee SIS T#NbISy Blusit.bes 2G EAM 


his own “Language wind his own conventions, He has the widest latitude to express 
Sfolacsut 0 aur ‘Bib te 


his Eka in its natural terms and to be inventive, epee bart system takes 


tie RE gts edges: ac ,S49T belie: totetaqo ragsuay 9 SBP HIS 
on an individual enerester appropriate to the purpose it is to serve. 
sexe! ty asgh ont OAD SSSSOA go Sao ION G-Fo. oer a aeot doldw etotuiagG 4 5 ei ee 
As a result; “OPS- -2 covers a bres spectrum of possible Pen eee includ- 
Hy .GTAT aacy a 22 4 TeaagaAG Ferct e4i tae SAR ES PLe 
ing all of the Processes previously ‘discussed. For hybrid ayatens that combine 
Pare ‘NG Bio ets piuey £0 toblay gf4 tanjendw eede Lumeattesb Biv! 
two or more of these ‘Processes; ors -2 provides a sisete, integrated gerouy rie 
roe pate eee oa, Ugdar Teyayoe ko yap 3G .¥2° syitesc#e: ,us3hbs wo 
This face can have benefits in economy as vell as in research effectiveness. 
é ais SB eae 090 cos 2. auso add 2k GIYT Yo yolomersg vn0592 ait 
It can speed up development effort and avoid duplication. . Simulation elements 
.GB G8 weied ato aa. ane? syom ti ,rodsev baosea & to anna aut BE Fateh 
that are constructed to Fest out the prototype of a real-time system can evolve 
yao aft (3 dneamelts aa te wedmun 9f3 2t wodwtsded ooo) toa 
into ‘the eetual operetina Seauats of the system. They can are continue to 
ea Seay : stpM of vf HG wide 2G tA .1&> “Agceay a3 35 gneraaqrcs vt wy & odiw 


‘serve a as aiusleeson. elements, to provide the system with a means for monitoring 


me aidingge ad bass spied te 
and extrapolating its own pertormence during operation. 
; tye Baw, gecwk 4633 " Pee py SE GH Lo! 4 gOBascey git nz egcoie oo ee ae 
The basic structure of phe OPS system is easy to visualize. There is a body 
se othe giiwo oe gestibres Gel) Se , BGLe Reiger GBecss Bathe tan 
of data located: in common storage, and enere is a set of operators which operate 
2B ea Uae a} of05 vodogv existansu: daft eno panctiamanianes 
on this data. The ‘data consists of lists, ma Tes-dtimens tone! arrays, and single 
2° ES adit: oak giud yet-obaites & mo anobtonni f3eh{ gece coe wie 
elements. “Reference to the data is symbolic, and an index of symbols and 
wade Latusdeg eh 694 aie Bode loo As BIBI KBale wedi 2k ij ae 
dimensions is incorporated as pert of common storage. . 
4 bashiste wo an afdaflavea ala SiR gibseaci ry {eth 2) Tae 


Reference to “the Gperatere is also symbolic. There is a eentval mechanism 


for executing operators and compounding them in flexible combinations. 


_- 20 «- 


rg 
vs 


ane user can create his own symbols and his own mapping of common storage 


wae Oey ie, o' +o egtead s asbivorg meteus 240 aff 
by means of standard operators. He can also create his own operators and | ade 
Loose Le pea f¢ovrey a ah velohes bas Leas Pupp 
ches i owicnbue ‘limit to ‘the set of standard pent supplied to him: 
: ee Pag ha et po ayignue 20 @v86 do b9Os9oy a yay eiges 
Pee stapler fanevional Ohta srs in ae iene that the 
CODEN ESE: can poe “—. as rhcrataartaee MAD, or FAP. Each operates can pa | 
auduy fo gov ylevisalea ei magave 88 af) 
fitch er of modifiable parameters “associated with it, aod thereby may ae ben ita 
m coped Sper oho vathst added EEG OEE Pylt cure; S iikeg BER Be G whe i oid cas 


of a “range of functions. 
ya, She etre o Tope oy ‘or pode Pee 


ryhoat omy 4. 


Consider the vector operator called TYPE, for example. TYPE is one of a 


Io: Bo waug well oo sinkdvoxeya ts dcedass Peibrv chr cE 


number of operators which. form a a vector-processing package that we have been 
vieud aed co oeidiveesy To oct laqe Beeatd B gteva? 2-PIG .tiveoy 6 eA 
uetne a great deal. Ite PeERE paraneter is a wore such as epee hast or OVER. 
ai delearne Peed yoseugeib viguc.varg se22v e078 ans » Eb Bo 
This distinguishes whether the vector ‘or vectors are being entered, dteplayed, 


$a Qe ety BSBA DOTS Basse ta, 3° ose 


Phe 


or ‘edited, ‘reapectively, « ‘or - any roe several other possibilities, 


2 Bests Sef al?) U2 ORGS CES ue as edn isned avec sp Ee 
“The, second paraneter ie ‘TVRE =: the name of the piealaia and the third 


FH. BU GE: pe 


ik me @ a a 
Spy os: "5 bore 24e338 3 


parameter is ‘the name of | a Faecoua vector, if wore than one is pene referenced. 


ee Sead oc Beicusrtac. Bin TRGS 


“PRON HO ku : Wo SiR Fad? 
The fourth Paraneter is ‘the number of an element, if the i a a+ to ‘begin 


pe Rise lang en dope ts ri st 
2 a d fo da RANSSS Te Be eta bv Gris sd 


wick a specific component of the vector @). And so on. Only as many paramerers 


Poke 8 fre 4 . ta : VUIEG ihe is aie ees in RAB DS 


as  peccain eed be specified. 


bo gyortdertu tsa: Mele e wath, 


Other Pershore in the vector package include one chat aces polynomial 
2 1G CL Ce svad our sd 


fits aod miltiple | Linear regressions, one that performs a wide class of vector | 


a 


i 
7 “ 

res se . ay: toy hae Oy ey ape ab oy ner ree Am NG Gs 
‘ x » oe my a. SE SAP Es ‘ Uh pt RG BR ese we a Re RL 


transformations, one eehats transfers vector data to and from secondary BtCEASe) 


Le oe WEL eer 5 a ts 
roe Bopes To @ta fest os aie 2B GBE 


and one éhat Plots functions on a “cathode-ray eure _Each of. these epererore 
cpiserh oss Robt ne fn Bde eid 0 Gogewat cies 1 
has chiee or more parameters aencciaced with it. iere amos operators for 
POL eo 6 PMMOT TG AYR BB OSL aga. 24 PgeT@eras 
general array Ep ocesetre are aree available as a atsnoere package. 
mei é Fyre d Whew vet BE ws 2". RURYS OD woe RTS 


meseye sii yd tue batzsés 7p. mersya ai? 8 


ae ye 


TYPE .OUT..@:. 0 0. ni 

for caample, types out: ail. of the components; of: vacecor 4,. The user can piace this 
operator:in a K-OP, with 6: ettheansexeevtsons® Re'cat Gxecdute a ROP: from: any - 
line to any line, any number of times,‘withi6e withéut‘entty-to ‘the>syatem“Betwéen 
exeqution of successive operators, He cahOhave: results: 6£" the eiebutdén:displayed 
as he goes atong, or only ?at‘spectfied 2ines; 5dr ‘heicut suppress ‘vesults ‘aite- : 
gether. -And similar optténs ate availabrecte Meafor ithe -dteptay “of “both gaidé+ 
tines of an operator and the parameters Of eRSOP 5”! BAO, BAGT Boo aiid Leas 2 

~oWhich-of these acttons: is performed} anésHee?itéis petformed ;°is determinéd 
by the settings of an internal bank of ‘progwamadd Sei tonds 3 <cTheovser ‘can -aleer | 
the:setting of iany of these switches. “Typing GC turmssén guidelines; NR turns 
off -negubts; P.turms:on pawemeters; ‘O:catibed dpexatdie itd be entdfed intc's. 
: _ K-@Bg NX suppresses execution; and 96 °ON,. {oie bGNo BNA Na Pci B yt FOSS 2S 

i: The user can-also request: a status reading by typing STATUS. ‘Thie -iiforms : 
him‘of the switch.and lime settings currently -La-effect;* He “nay “change ‘the ‘line 
number whenever +e chodden ) pping 2 ee ac a a me SE Sas 

$12 viiescus 
for example moves the -liéne di wcaves to: Lime 120, 2 
| Switch settings may be ‘compounded ever mors ‘easily that operators; All the 
user need do is: type MODEand ‘a number, whenever tie withes to preserve’ the group 
of nettings in effect: at.a particular time.:: Theves#teite oan reestebtioh tHEs - 
group. of, settings, at:.any point ,;: simply by: wpeci fyitg the proper number, preceded 
by an M. Aye sumed: ual 
Most of the direct commands to the system are carried out by the system 


itself, without reference to any operator. By enclosing a set of such commands 


ae ee 


in parentheses as he types them, the user indicates to the a sa that they are 


tbe A Ppp ionod 
to be deferred, not carried out immediately as is customary. A TT OF deterred” 


wees j tet: S23 abog gu ano. foe ag op ledua?s go gaedgyt psi guitdwigg 1 
commands may be placed on any line of a K-OP, ‘just as chiush it ‘waite a bona fide 
UTP s 


operator ‘with’ ‘paramétérs.” Durirg éxacution of PRAE Kor? the \ Sydtém will tredt ’ 


the deferred commands; when it ‘Feaches “them, as thoug oe eae Being entered 


ee oe efygia Pl povguae+ ad hum taeda a ae ‘nd pauoroyt > 
by the user from ‘the console. Thus, the user has inserted himself into the K-OP 
[Teeew. Sale icedsce ros olokdev katoaqess p ons sauce of as 
implicitly. He may choose to a6 this, for example, when a portion of his role 
WG Get ta tedmod awlleolesd aye ayvadt ,aektatiets a gavblivd al 
in the man-machine process has bacdes sufficiently routine for him to want the 
Sd SSS ,82978aAS TOT oem cosa aA.) Sbew gotdow es of baal nso tans es ancrqy: 
computer to assume it. : : : 
Bon cub a8 roe ets a € ‘ene BASES aE a at 2K NS eqs epaorial LEG SSNS dé bs Ducat 


Deferred, commands tive, a K-OP. whe ability to >, pki ip p mee a J80R around | 


during execution, and algo to. ppdify the parameners gnd epecification of ike... 
soperatars. ..Gertain atendard. operators give, tha HOR abl.ef fhe ather. common... -» 
“properties of: compypter instxuctions, :includiog, the cendisienal, brasch.. Thus,: che | 
'K-OP may -be.: thought of. .a8 ee. pregnam whosei inairuetbone sam 210) 2° sae tit sasdt 
~iljc perform ereitrerily complex: ‘fenbstons - Pgsanan EAled.gerte ef! 
2.62% mp@hy eaeh Other argwmenes 6005515 SAE peed rice 
3. “provide conditional’ control bt piesa ffiawee 
42 Intrbdute’ aid “Atinetision nde byiBUltc ‘vittablas’” 9° 8 


ate eile Jade .e4peeyie Geuhivihak oo dee § us beasrde sd vam e2gesbea oolgivels: 
5. save and restore entire programs 
Pile IGQeaa . nwa by 
In particular, 4 one standard | operator | ‘can 1 put a a K-OP away in ipecondary ‘storage 
: io4 PS Geh a AP THe di) (BSE vieucluay Yo nabtesisiei th @n fogs EST YRS 
for later Teference, or it can bring as a previously saved K-OP to SUPP ement 
ch wm Vit uecush .is2 @yol ani .sonaibia. feidasiog 8 to avede 
or replace the present one. Like all of the deere , this one can be executed 
ne Vitnenidsaplan: : Llave elcb ant ao vidwsq ,beviree od 6) aeons 
either by the user from his console » OF suring he execution of a BOP. In the 
oust oo @eg Chey Seal PRSMNs cto er FAM LAL iP 


latter case, the operator is executed without interrupting the run. 


SAREE E: 0k Ro, 


“statistical cor 
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pba we eid Fu ; wigon, ee PPO gt Seg BRAS pb ek 2 OS i 
Concluding 3 Remarks 
US 2 Saat ghee le lap 4 Soe op bears waite pam gr en dpe 


In painting | the future. of, ,SAmlacion . mich ya ae than its Pasty, I cies: nual 


sid Oo 76H eG Ai 


that I. have oversinplified. and exaggerated id 8 bit, . is hard not to, when, Erving ented 


POS 


oo a Poe In Lad oed odeeet e I have poterred gony Apdtrecrty to some pf the | 


iar Pace Geeretr: 22 rosacea, 


peecount ince hectusl peoples: that mst be vassived if simlation on a ciate 


at geet St 4 omit  % ~ oo ey 
Ages wae deat wre ees »aboe@ite gd St org rau ». 7 a 


is to mature into, a | respected vehicle fot ackenti tts research, 


ee he 18 PW + dais ‘Bts SOT eigig oo: Gt #@Ou: CEE he Pes Sig he dat 
“In building a simlation, there are typically @ number of different 
OS Aaw : weane live oanoad wan etecusy gultos fir asd 


deproactan ‘chat can lead to a Workidg del; An economy, for example, can be 

modeled in terms of eetesiananere among macrosconoalc variables, ) such = a 
saving, “and spending; or Pat dan be “wiea ‘in ‘tara’ roe ‘the "properties BF alcro= 
economic déci¢ion-making units, ‘suchas hdusaholds ; Firks, add Hidusrries: oe ve 
tionships can "take the shape® of itt ferent b- equdttuie® 7 inpd EQSdc fue tatrices ; *d. piviage 
as} aces) With elesiehts (tide aly ot way tet We probabibiseic 296%" 


These different options age netther mutuality dat hostye: gor tetaliy ephadstivies /: iW 
The underlying concept of a-edimletionsden -nomatines i adaumea wither of [two 

almost inverse forms. Like a diffusion praagse, for iassange,.« mpmed, may ‘have 

stochastic flow in a detexmtnigtic medium; OKn dike; & pexcelation, process, it 

may have deterministic. flow in.a random medium... The. viewbng behavior,of 4 

television audience may be phrased as a see. of Andi vidual viewers , with different 


rare ONS 


a ay characrerssuce , speepouding f° to a pies cages environment ; or it may be 
3 eee TE YE Yay geo TOISTaG wake ne ied B At q REE ES 


expressed as an interaction of Nartously Basct ised programs competing for their 


ye 8 m EU Ewe AP aod Phd mep FF Yo .Suraretsy xejus 
share of a potential gudience: ame nore selected will depend gee on che 
yo y afta Lyodatag 2 Soa 2AERL (Bao FAssesa 4 Ea Bin ate Gas 
purpose to he served, partly on the data available, and not ciel gai ic aly on 
ere phobic earl MGT? BSBL Gas a ASUS: 
the background and orientation of the Ncceeavchake. 
27, F328 3 ae 7, 26 a 


7 aR 


ie 
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A simulation may be built from the outside in, as in the erection, of eee 


modern skyscraper, or slement-hy-element in, hierarchical combination, 9, in the 


formatiqn.of social, econgmic, and: politigal; orgenisetions,; Some such, means, of. 


factoring the simlation.is importent, if.not espaptiel, for: reasons: I, have 


elaborated and for implementation. of..the. incremental, spproach, to: modeling, that: : 


I haye proposed, plus i ge Beene. «pee hese se eer Ae nS 


These are a few .of the theoretical..iasues that..are; coming. dato sharper =... 
focus as the computer bagine to,.anter the: reseassh. process in: ai sore; intimate way. 
They would: make excellent topical materiel for. shegk.o0 model: budiding, but I. -- 


do not think we shall see.a definitive. treatment ef. she subject for.some.time to 


come. We are heginning to make atridesfoxwand; (however; andthe strides are ©. 
certain to grow stronger as we ;heara te vosk.mere.caopevativaly ana ins ightfuiiy 3 
with qur, information-processing .qideq,. -:The:-qeuputersisdot going:ito. supplant: *: - 
reagarch activity, but it is going.to make a big difference iin the: form this: -°- 


activity takes, Wpehtyeky uueteh tha. di. defo d oi 


oo SPR ies ee 


6. a 


Acknowledgment s 
~~ Anthony Gorry, Malcolm Jones, David Ned@s, ‘Mayér Watitmin, and Stéphen = 
Whitelaw have al¥ contributed actively to the ded@lopmént of the OPS-2 system. 
The system has: been programmed on’ MIT. 0 "ie: Etmbes sHartng factitetes./4)> phe 
ease with which this was accomplished has been an: impressive demonstratfon of thé 
effectiveness of these facilities. Although OPS-2 at present runs didee “tind £" 
sharing, its concepté apply to any largé-memory “computer system that emphasizes 
personal accessibility end’ inat-ma hte? interaéé#an9? tie Concepts become 
especially attractive in the eontext of fatave” iAforustich*uertiies 4! 
 »QPS-2 shareé some similar objectives and: capabilities ‘with’ sevérdl “other 
on-line systems, -and we are indebtéd te thetr adthéré for tddaw ‘did tnspira- 
1-3,7,10,14) | 


tion! Most of ‘these ‘eysténe havé“béén Weveloped for # specific’ °~ | 


class:of-use, whether itbe engineering design; prégradt’s Lott,’ tndtthemit teal 


problem solving, or array proddssing. OPS~-2; ‘by contrast, evblves ‘Yes character 
as it is applied, and it can remold itself during execution. 

The initial version of the OPS system, referred to as OPS-1, was programmed 
during the Spring of 1963 in an experimental project of an M.I.T. sonivar.! 
Its applications have covered a broad spectrum, including: an automated stock 
exchange, a mechanized system for accounting and budgeting, an array processor, 
a program supervisor, a project scheduler, an on-line giiietton satan: and a 
live FORTRAN programming facility. 

OPS-2 is a completely reworked and improved version of the original system. 


The automated stock exchange, the array processor, and the accounting system are 


all operational under OPS-2. 
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